This paper considers an uplink multiuser hybrid beamforming system where a base station (BS) communicates with multiple users simultaneously. The performance of the uplink multiuser hybrid beamforming system depends on the effective channel which is given by the product of channel matrix and the analog beams. Therefore, to maximize the performance, we need to acquire information of the channels and select the appropriate analog beams from the set of predefined analog beams. In this paper, we propose the channel estimation methods and analog beam selection algorithm for the uplink multiuser hybrid beamforming system. First, we design the estimation methods to exploit the channel information of the users by considering Rayleigh fading and millimeter wave (mmWave) channel models. Then, using the estimated channel information, we propose a low-complexity analog beam selection algorithm for the uplink multiuser hybrid beamforming system. We compare the complexity to show that the proposed analog beam selection algorithm has much less complexity than the exhaustive search-based optimum analog beam selection while the performance loss of the proposed analog beam selection algorithm is not significant compared to the optimum analog beam selection, which is shown by the numerical results.
Introduction
Multiuser multiple input multiple output (MU-MIMO) is a promising technique for exploiting the spectral efficiency and multiuser diversity gain of wireless channels. Thus, it has become an important part of 3GPP Long Term Evolution and IEEE 802.11 wireless local area network (WLAN) standards [1] [2] [3] . By utilizing the simple digital beamforming processing such as zero forcing (ZF) and minimum mean squared error (MMSE), we can achieve the capacity over MU-MIMO channels. Recently, massive MU-MIMO employing large-scale antenna array at base station (BS) has received huge interest since it significantly improves the spectral efficiency and power efficiency [4] [5] [6] [7] [8] . The potential of massive MU-MIMO can be fully exploited with the digital beamforming where the phase and amplitude adjustment of beams are controlled precisely [9] . However, since the same number of analogto-digital converters (ADCs) and radio frequency (RF) *Correspondence: koyc@korea.ac.kr School of Electrical Engineering, Korea University, 136-713 Seoul, Korea chains as the number of antennas is required to realize the digital beamforming, it is not efficient in terms of cost, complexity, and energy consumption [10] . Thus, realizing digital beamforming for massive MU-MIMO appears to be impractical.
On the other hands, increase of smart devices requiring a large amount of data traffics has caused demands to exponentially expand wireless data traffic [11] . As one of solutions to satisfy the increasing demand for wireless data traffic, use of larger spectrum (or bandwidth) and its reuse have attracted tremendous interest while improvement of spectral efficiency has certain limitation to dramatically increase data rate. Due to this reason, millimeter wave (mmWave) communication is a potential technology for future outdoor cellular systems to support high data rate [12] [13] [14] [15] . However, to overcome high path loss which is the unfavorable channel characteristic of mmWave frequency while achieving reasonable link budgets, beamforming using a number of antennas to form directive beams with large array gain is absolutely necessary [16] . Unfortunately, digital baseband beamforming is impracticable on account of the high cost of mixed signal components, which also occurs in massive MU-MIMO as aforementioned.
To overcome such disadvantages that both massive MU-MIMO and mmWave communication have in common, analog beamforming implemented just by employing the phase shifters at each RF chain and the combiner to coherently sum the phase-corrected signals by the phase shifters has been considered [17, 18] . Unfortunately, the performance of analog beamforming is sub-optimal due to the limitation of controlling the signal phase. To achieve the larger beamforming gains and support multiuser by enabling precoding for multi-stream transmission, a hybrid (i.e., a mixture of analog and digital) beamforming was suggested in [19, 20] . While most of studies on hybrid beamforming have considered single-user MIMO system, we consider an uplink multiuser hybrid beamforming system where multiple users transmit data to BS on the same frequency band simultaneously.
In this paper, we design the channel estimation and analog beam selection algorithm for an uplink multiuser hybrid beamforming system. Since the effective channel, which is defined as the product of the channel matrix and analog beams, determines the performance of the uplink multiuser hybrid beamforming system, the analog beams for both BS and users need to be selected depending on the channel state information to improve the sum rate of the uplink multiuser hybrid beamforming system. Therefore, first, we present the proposed channel estimation methods for uplink multiuser hybrid beamforming system. Since each RF chain observes a combining signal from multiple antennas, BS cannot exploit the channel coefficients of each antenna. Due to this reason, we propose the channel estimation method that exploits the full channel information of the users by repeatedly transmitting the pilot sequence over multiple pilot periods. Also, we discuss the length of multiple pilot sequences needed to acquire the full channel knowledge by using the proposed channel estimation method. However, although such channel estimation method can be applied to Rayleigh fading channel to obtain the channel coefficients, it may not precisely estimate the channel coefficients due to the low beamforming gain in mmWave channel. Therefore, we also discuss on the channel estimation in mmWave channel. After the channel information of the users are obtained based on the proposed channel estimation method according to the kind of channel model, BS selects the analog beams among the predefined analog beams for both BS and users. As an optimum solution that maximizes the sum rate, we can consider the exhaustive search algorithm for the analog beams of both BS and users. However, the complexity of the exhaustive search is too high for practical applications since it calculates the sum rate values for all possible analog beams.
For practical applications of the hybrid beamforming system, we propose a low-complexity analog beam selection algorithm for the uplink multiuser hybrid beamforming system. We first consider two-user hybrid beamforming system and derive a metric analytically which is a factor of measuring the orthogonality between the effective channels. Then, we extend it to the case where three or more users exist by combining the effective channel vectors of the users whose analog beams are chosen as the weighted effective channel vector. In other words, based on the metric, the proposed analog beam selection algorithm selects the analog beams by considering the orthogonality between "the weighted effective channel vector" and "the effective channels of the users whose analog beams are not determined. " In addition, we characterize the complexity of our proposed analog beam selection algorithm and the exhaustive search. From the numerical results, we confirm that the proposed analog beam selection algorithm provides negligible performance degradation under the equal system configuration while its complexity is much less than the complexity of the optimum analog beam selection algorithm.
The remainder of this paper is organized as follows. Section 2 presents the system model under consideration. Section 3 describes the concept of analog beam set. In Section 4, we design the channel estimation methods for Rayleigh fading and mmWave channel models in uplink multiuser hybrid beamforming system. In Section 5, we describe the low-complexity analog beam selection algorithm. Also, we show the computational complexity and discuss on procedure for our proposed analog beam selection algorithm. Simulation results are then given in Section 6. Finally, we draw some conclusions in Section 7.
The following mathematical notations will be used throughout the paper. Upper case and lower case boldfaces are used to denote matrices and vectors, respectively. (·) T , (·) −1 , (·) H , and E[·] represent the transpose, inverse, conjugate transpose, and expectation operator, respectively. We also indicate a as the norm of vector a and |·| as the absolute value of complex number. A ij is the element in the ith row and the jth column of matrix A.
System model
In this section, we describe a system model for the uplink multiuser hybrid beamforming system as depicted in Fig. 1 where beamforming structure consists of analog beamforming and digital beamforming. We consider that BS is equipped with N BS antennas to support K users with N user antennas per user. Each user sends one data stream to BS by forming an analog beam with array gain. We assume that there are N s RF chains at BS to decode multiple data streams from K users. Each RF chain has N RF BS antennas to achieve large beamforming gain. Therefore, the total number of BS antennas is 
Throughout this paper, we denote such uplink multiuser hybrid beamforming system as
Note that the number of users that BS can support is assumed to be limited by the number of RF chains such that K ≤ N s . Since each user transmits a single data stream to BS, the transmitted signal at the ith user is given by
where t i ∈ C N user ×1 and s i ∈ C 1×1 are the transmit analog beamforming vector and data symbol for the ith user, respectively. Note that the transmit power constraint of the user i is E x i 2 ≤ P where P is the transmit power for each user. The received signal at BS is given by
where H i ∈ C N BS ×N user is the channel matrix from the ith user to BS and n ∈ C N BS ×1 is the additive white Gaussian noise (AWGN) vector at BS with zero mean and variance σ 2 per entry. Denoting b l j as the value of the jth antenna's phase shifter on the lth RF chain of BS, the receive analog beamforming vector corresponding to the lth RF chain of BS can be expressed as
Therefore, the receive analog beamforming matrix is N s × N BS block diagonal matrix comprised of the N s receive analog beamforming vectors, which is given by
Then, the output signal after multiplying by the receive analog beamforming matrix can be expressed as
wheren = Bn and h eff i , defined as h eff i = BH i t i , is the effective channel vector between the ith user and BS.
Note that all the entries of the analog beamforming can be written as e jθ where θ ∈ [0, 2π] is the phase of the phase shifter.
In the digital beamforming process, we consider zero forcing beamforming (ZFBF) to serve the multiple users at the same time without the inter-user interference. In
T as the receive digital beamforming matrix, the rows of the receive digital beamforming matrix are selected in order that the zerointerference condition w i T h eff j = 0 for i = j is satisfied. Therefore, the receive digital beamforming matrix, W, is the pseudoinverse of H eff , which is given by
The processed signal considering the hybrid beamforming can be expressed as
Then, we can obtain the sum rate of the uplink multiuser hybrid beamforming system as
where
which can be regarded as the effective channel gain for the ith user. We note from (9) that the performance of the system depends on the effective channels. Although hybrid beamforming can be designed to operate in Rayleigh fading channel which may be valid at microwave frequency band, we need to exploit the mmWave frequency band due to the requirement for the large bandwidth. It motivates us to consider massive MIMO system to overcome the unfavorable channel characteristic of mmWave frequency such as a large path loss which reduces service coverage and impairs communication performance. Therefore, in this paper, we consider the most widely applicable Rayleigh fading and geometric channel models. The geometric channel model has L limited scatterers as a mmWave channel model [21, 22] . Under this assumption, the channel H can be expressed as
where α i is the complex gain of the ith path with E [|α i |] = 1 and ρ is the path loss between BS and user. 
respectively, where λ is the signal wavelength and d is the distance between antenna elements. The channel model in (10) is written in a more compact form as
The matrices A user and A BS contain the user and BS array response vectors, respectively, which are given by (14) and
The channel model in (10) turns out to be Rayleigh fading channel when L is very large.
Based on the channel state information, BS selects the analog beams for both BS and users. However, since we assume that BS has no a priori knowledge of the channels, we develop the channel estimation methods the two different channel estimation methods for Rayleigh fading and mmWave channel models in the uplink multiuser hybrid beamforming system in Section 4 of this paper. Then, in Section 5, the proposed analog beam selection algorithm to determine the analog beams for both BS and users is described based on the estimated channels.
Analog beam set
The fundamental idea of analog beamforming is to control the phase of the signal transmitted/received from each antenna via a circuit network of analog phase shifters such that each of the analog beamforming coefficients has constant modulus. Therefore, both BS and users are assumed to operate with the selected analog beams among the predefined analog beams.
Each user forms the transmit analog beam with the selected analog beamforming vector among the predefined N BSS user candidates of analog beam set. Let us denote the predefined set of N BSS user analog beams at each user as
where c i ∈ C N user ×1 is a candidate for the transmit analog beamforming vector and the nth element in c i is the value of the phase shifter on the nth antenna of each user. BS operates with the selected analog beamforming matrix among the predefined N BSS BS candidates of analog beam set. Let us denote the predefined set of N BSS BS analog beams at BS as
where G i ∈ C N s ×N BS is a candidate for the receive analog beamforming matrix and the element in the nth row and the jth column of G i is the value of the jth antenna's phase shifter on the nth RF chain. If c n and G m are selected as the transmit analog beamforming vector for the ith user and the receive analog beamforming matrix for BS, respectively, the effective channel vector between the ith user and BS can be written as
We assume that all users use the same predefined set of analog beams and BS knows it.
Channel estimation of uplink multiuser hybrid beamforming system
As shown in (8) and (9), since the performance of uplink multiuser hybrid beamforming system depends on the effective channel, BS calculates the effective channels in advance of determining the analog beams for both BS and users. To do that, BS needs information of the channels. In this section, we propose the two different channel estimation methods for Rayleigh fading and mmWave channel models in uplink multiuser hybrid beamforming system.
Rayleigh fading channel
Since each RF chain has multiple antennas to provide the beamforming gain in uplink multiuser hybrid beamforming system, BS cannot estimate the full channel knowledge of the users during a pilot sequence. In other words, since each RF chain observes a signal which is the sum of signals that N RF BS antennas received, BS has a difficulty in exploiting the channel coefficients of each antenna. To solve such a problem, obtaining the partial channel knowledge during one pilot period, the proposed channel estimation method can exploit the full channel information of the users by repeatedly transmitting the pilot sequence over multiple pilot periods. To explain our proposed channel estimation method clearly, we start with a simple case of [(3, 2, 6) , (K, 2)] as shown in Fig. 2 . During one pilot period, the users simultaneously transmit their pilot sequences to BS under the condition that only one antenna among the antennas of each RF chain at both BS and users corresponding to the channel coefficient that we are trying to estimate is active. The pilot sequence for the ith user is denoted by
where τ is the length of pilot sequence. Then, during the pilot period, the received signal at BS can be expressed as
To obtain the partial channel knowledge during the pilot period, we use the following assumptions.
1. The pilot sequences of users are orthogonal to each other, which means that the number of users should be no larger than the length of pilot sequence, that is, τ ≥ K. Also, BS has information about the pilot sequences of the users. 2. During the channel estimation process, both BS and users use the predetermined analog beams and BS has information of predetermined analog beams which users use for the channel estimation. 3. To estimate the channel of each user, we adopt the least squares (LS) estimator.
Under the above assumptions, the partial channel knowledge of the ith user can be acquired as follows: Thus, by using the proposed channel estimation method, BS can obtain N s channel coefficients of each channel matrix during one pilot period since BS has N s RF chains, which means that the full channel knowledge can be exploited over multiple pilot periods by turning on or off the antenna at both BS and users. The required number of pilot periods to obtain the full channel knowledge is given by
since each channel matrix has N BS × N user channel coefficients. Therefore, the length of multiple pilot sequences needed to acquire the full channel knowledge by using the proposed channel estimation method is N RF BS × N user × τ . At the end of the channel estimation periods, BS calculates the effective channels based on the estimated channels and determines the analog beams both BS and users, which is introduced in the next section.
MmWave channel
Given the geometric channel model in (10) , estimating the mmWave channel is equivalent to estimating the different parameters of the L channel paths such as AoA, AoD, and the complex gain of each path, which requires various algorithms to estimate such parameters. Although the proposed channel estimation method in (4.1) can directly exploit the channel coefficients instead of estimating the different parameters of the L channel paths, the obtained channel information may be inaccurate due to the low beamforming gain in mmWave channel. Therefore, we obtain the effective channel information instead of estimating the channels. For example, as depicted in Fig. 3 , changing the analog beams at BS and the users in a predetermined order, users transmit the pilot signal signals to estimate the effective channels. During the pilot period, the received signal with received analog beamforming is given byȲ
Then, BS can obtain the effective channel knowledge of the ith user as follows: After the estimated effective channels are computed, BS selects the analog beams for both BS and users.
Analog beam selection for uplink multiuser hybrid beamforming system
It is noticed that we need to select the analog beams among the predefined analog beams for both BS and users to improve the sum rate of the uplink multiuser hybrid beamforming system since the effective channel is the product of channel matrix and analog beams.
In this section, we analyze the sum rate of the uplink two-user hybrid beamforming system to introduce the metric which is used for the proposed analog beam selection algorithm. Then, we explain the proposed analog beam selection algorithm and compare the complexity of the proposed analog beam selection algorithm with the exhaustive search.
Performance analysis
In this subsection, we analyze the sum rate of the uplink two-user hybrid beamforming system. As shown in (8) and (9), the sum rate of the uplink multiuser hybrid beamforming system is related to the effective channel gain, γ i . Let us consider two-user case, that is, K = 2. In twouser case, we first calculate
as in (25) at the top of the page where θ 12 denotes the angle between the effective channel vectors of two users. Then, the effective channel gains for the first and second user are given by
respectively. Note that the rate of each user is related to the norm of its effective channel vector and the angle between the effective channels of two users. The sum rate of the uplink two-user hybrid beamforming system is expressed as in (26) where f (a, b) is defined as in (27). In (26), sin θ 12 can be interpreted as the correlation between the effective channel vectors, which indicates that the analog beams need to be selected so that the effective channel vectors are orthogonal to each other as much as possible.
Since the log function is a monotonic increasing function, the sum rate of the uplink two-user hybrid beamforming system in (26) is proportional to f h eff 1 , h eff 2 . Therefore, using the metric in (27), our proposed analog beam selection algorithm operates to choose the appropriate analog beams for both BS and users with the predefined analog beam sets in the way of maximizing f h eff 1 , h eff 2 resulting in the optimum solution in term of the sum rate. Since the metric in (27) is based on the analysis of the uplink two-user hybrid beamforming system, it cannot be directly applied to the case where three or more users exist. For K > 3 case, we can apply the metric in (27) by combining K − 1 effective channel vectors into a weighted effective channel vector. The details of our proposed analog beam selection algorithm will be discussed in the next subsection.
Note that, though the analog beams can be selected by using the sum rate of the uplink multiuser hybrid beamforming system in (8) and (9) for K > 3 case, it is not efficient in terms of complexity since the complexity for calculating the sum rate exponentially increases with the number of users.
Proposed low-complexity analog beam selection algorithm
To find the analog beams for both BS and users that maximize the sum rate, we need to calculate the sum rate values for all possible analog beams, which incur very high computational complexity. Therefore, in this subsection, we propose the low-complexity analog beam selection algorithm by considering the sum rate of the uplink two-user hybrid beamforming system. Let us denote the set of users whose analog beams are not determined and users whose analog beams are determined as and S, respectively. The detailed operation of the proposed analog beam selection algorithm is depicted in Fig. 4 and is described as follows. Since each user has the predefined N BSS user analog beams, there are K × N BSS user possible effective channels. At first, we select one user and its analog beam which provides the maximum effective channel gain among K × N BSS user possible effective channels, which can be expressed as
Let us denote the weighted effective channel over the users whose analog beams are determined,h, as
is the weighted factor for the j th user whose analog beam is chosen as x j . The analog beams for the rest K − 1 users whose analog beams are not determined are selected by measuring the orthogonality between "the effective channels of the users whose analog beams are not chosen" and "the weighted effective channel over the users whose analog beams are determined." Then, it can be formulated as
After the analog beams for all users are chosen, we can calculate the sum rate. (2) Determination of the analog beams: We obtain the sum rate values for the predefined N BSS BS analog beams by executing (1). Then, by comparing the sum rate values for each of receive analog beams, we decide the analog beams for both BS and users which provide the maximum sum rate.
As we can see, the proposed analog beam selection algorithm does not need to search over all possible analog beams, which can reduce the complexity compared to the optimum analog beam selection while the loss of sum rate performance is not significant.
Complexity analysis
In this subsection, we compare the complexity of the proposed analog beam selection algorithm with the exhaustive search in terms of the required number of floating point flops [23] . For mathematical convenience, the complexities to calculate the sum rate and the metric in (27) for the selected analog beams of BS and users are set to α and β, respectively. The complexity for our proposed analog beam selection algorithm is summarized as follows.
1. We first quantify the complexity to select the transmit analog beams of the users and calculate the sum rate value when the receive analog beam at BS is fixed.
• Calculating Forbenius norm of the estimated channel requires 4N s floating point flops. Since there are K users and each user has N BSS user possible analog beams, we need to consider KN BSS user effective channels to find the first user and select its analog beam which provides the maximum vector norm among KN BSS user effective channels, which requires 4N s KN BSS user flops.
• Since the analog beams for the other K − 1 users are selected by using the metric in (27), the number of flops to select the analog beams for the other K − 1 users is
• Therefore, when the receive analog beam at BS is fixed, the complexity to select the transmit analog beams of the users and calculate the sum rate value is N s KN BSS user
2. Since BS selects the analog beam which provides the maximum sum rate value among the sum rate values for N BSS BS possible receive analog beam, the complexity for the proposed low-complexity analog beam selection algorithm is estimated as
For the exhaustive search, we need to calculate the sum rate of all possible combinations and select the analog beams which provide the maximum sum rate. Therefore, the complexity of the exhaustive search is given by
From (31) and (32), we can observe that the proposed analog beam selection algorithm has much lower complexity compared to the exhaustive search. Although we can intuitively notice that α is larger than β, in order to more precisely compare the complexity, we implement both the proposed analog beam selection algorithm and exhaustive search based on MATLAB. Figure 5 gives a comparison of average running time for the proposed analog beam selection algorithm and exhaustive search with a case of [(4, 6, 24) , (4, 2) ] and N BSS user = 6 on MATLAB. We can see that the average running time of the proposed analog beam selection algorithm is less than that of the exhaustive search. Especially, the gap of running time between the proposed analog beam selection algorithm and exhaustive search becomes much larger as the cardinality of analog beam set for BS increases. Therefore, the proposed analog beam selection algorithm is computationally more efficient.
Procedure for analog beam selection
The most important part to operate the proposed analog beam selection algorithm is to acquire the channel information by using the proposed channel estimation methods according to the kind of channel model. The outline of procedure for the proposed analog beam selection algorithm is outlined as follows: • Step 1: The users transmit the multiple pilot sequences so that BS can obtain the effective channel information.
• Step 2: BS estimates the effective channels of the users by using the proposed channel estimation methods in Section 4.
• Step 3: With the obtained effective channels, BS selects the analog beams for both BS and users by using the proposed analog beam selection algorithm.
• Step 4: BS feeds back the indices of the analog beams for the users via error-free feedback link.
Numerical results
In this section, we present simulation results to validate the proposed channel estimation methods and lowcomplexity analog beam selection algorithm. We consider Rayleigh fading and ULA channel models. The proposed different channel estimation methods are applied The complex path gains of ULA channel model are generated using Gaussian random distribution with equal variance. The inter-element spacing in both BS and user antenna arrays is set to half a wavelength. The phase of each entry in the predefined analog beams is generated using a random variable distributed uniformly between 0 and 2π. The covariance value of AWGN is 1 per entry. We consider the exhaustive search under the perfect channel knowledge as a benchmark, which is the optimum solution, and the random beam selection, which randomly selects the analog beams among the predefined analog beams, as a baseline algorithm for comparison with our proposed analog beam selection algorithm.
In Fig. 6 , we plot the average sum rate as a function of SNR with N BSS BS = 16 and N BSS user = 4. Figure 6 shows that the proposed analog beam selection algorithm achieves the sum rate that is essentially equal to those achieved by the exhaustive search. This implies that the proposed analog beam selection algorithm has little performance degradation in spite of much less complexity than the exhaustive search under the equal system configuration. For instance, the proposed analog beam selection algorithm provides only 1.20 % sum rate performance reduction over the exhaustive search in ULA chanel when SNR= 20 dB. Figure 7 depicts the average sum rate versus the cardinality of analog beam set for BS when N BSS user = 4. It is noticed that the sum rate performance with the analog beam selection can be improved as the cardinality of analog beam set for BS increases, which indicates that the analog beam selection has great impact on the system performance. Also, Fig. 7 indicates that similar performance can be expected by the proposed analog beam selection algorithm and that the performance degradation due to the reduction of the complexity is limited, especially when the cardinality of predefined analog set is large.
From Figs. 5 and 7, we can notice that the performance loss of the proposed analog beam selection algorithm is not significant compared to the optimum analog beam selection while the proposed analog beam selection algorithm has much less complexity than the exhaustive search based optimum analog beam selection. Therefore, the proposed analog beam selection algorithm is more efficient to be realized on the uplink multiuser hybrid beamforming system.
Conclusions
In this paper, we considered an uplink multiuser hybrid beamforming system and investigated the design of channel estimation and analog beam selection algorithm. First, we not only developed the channel estimation method for Rayleigh fading which exploits the full channel information over multiple pilot periods by obtaining the partial channel knowledge during one pilot period and but also considered the channel estimation method for mmWave channel model. Then, we proposed the analog beam selection algorithm for the uplink multiuser hybrid beamforming system that efficiently reduces the complexity over the optimum analog beam selection algorithm. Based on the metric derived from the sum rate performance analysis of the uplink two-user hybrid beamforming system, the proposed analog beam selection algorithm selects the analog beams for both BS and users. By analyzing the complexity in terms of flops, we showed that the proposed analog beam selection algorithm provides much less complexity than the optimum analog beam selection algorithm. We verified by numerical results that the proposed analog beam selection algorithm has little performance degradation in spite of much less complexity than the optimum analog beam selection algorithm under the equal system configuration.
